Combination of Formaldehyde
with Casein

A. P. SWAINY, ELSIE L. KOKES, N. J. HIPP, JOHN L. WOOD?, AND R. W. JACKSON?

.Eastern R'egional Research-Laboratory, U. S. Department of Agriculture,
Philadelphia 18, Pa.

Graphs are presented;to.show the effects of concentra-
tion of formaldehyde, pH, time, and temperature on the
amount of recoverable formaldehyde remaining in com-
bination with casein after exhaustive washing of the reac~
tion product with distilled water. The results are com-
-pared with related data of other investigators and are dis-
cussed in terms of possible reactions of various structural
units in the protein. The analytical procedures employed
for distillation and titration of recoverable formaldehyde
were extensively studied and improved. ‘Experiments are
also described that show appreciable conversion of formal-
dehyde to the nonrecoverable form in the presence of
casein at 100° C. and above.

THE prevailing use of formaldehyde as a hardening agent in
) the manufacture of plastics and textile fiber from casein
makes it important to know the extent to which formaldehyde
is bound by, this protein under various conditions. Tmmersion
of casein or other protein in a solution of formaldehyde leads to
combination of the latter with varying degrees of stability, which
are not easy or possible to distinguish quantitatively. Neverthe-
less, the qu;maldehy'deAtaken up by the protein can be classified
a8 to {(a). ‘whether-it/is in sufficiently loose form to be dissipated
by washing with cold water or by exposure to air, or (b) whether
it is held firmly enough to resist prolonged washing. .Measure-
ments of the total amounts of formaldehyde taken up by proteins
ot allied materials while in equilibrium with ‘the formaldehyde
bath obviously include formaldehyde bound in both manners.
Such studies have provided valuable information concerning
aiino atids as well as proteins. Carpenter and Lovelace (3)
have- reported data for casein ‘which represent the -difference
bétween the original and final formaldehyde concentrations of the
treating bath:  On the other hand, the formaldehyde- respon-

sible for ir'np}'oved propeérties in plastics-and fibers must be the-

fraction retained under ordinary conditions- of use—that is, the
more - firmly -bound.’ "The formaldehyde--content: of collagen,
washed or pressed free of the loosely held material, has been ex-
tensively studied (15) by Highberger and co-workers.and by
Theis -and . associates, who employed distillation with - acid to
liberate the aldehyde.

.The work reported in this paper was undertaken to determine
the -effects of the. four major factors—concentration, pH, time,
and ’oempgratur&—onvthe amounts of formaldehyde firmly bound
by casein, and,-if possible, to correlate the results with amino

‘composition. Nitschmann and Hadorn (17) have reported
wca on the effects of time and concentration but no series of
results showing the effects of pH or temperature.

MATERIALS AND METHODS

Since the primary aim of this work was to study the reaction
involved in the hardening of protein plastics and fibers, the pro-
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. tein‘selected wasa high quality acid casein obtained commercially

and ground.to pass & 60-mesh screen, - Preliminary experiments
showed that-particle size had a negligible effect-over the range
studied (40 to-150 mesh).

Air-dried casein equivalent to 2.00 grams on the dry, ash-free
basis was added to 100 ml. of the buffered gqueous solution of
formaldehyde in a large test tube.” The sohitions were 0.1 M
with respect to phosphate jon. They were prepared by diluting
the required-.amounts of 37 to 39% formalin and_ 0.5 molar
KH,PO, and K,HPO, solutions (or, where necessary, HsPO¢ and
KOH) to give the desired pH and formaldehyde concentration,
Initial and final pH values were determined with a glass electrode.
An original pH of solution of 4.8 remained the same during the
reaction with casein, whereas & pH of 6.0 declined to 5.6 = 0.2,
and higher pH-values dropped more markedly. ‘Formaldehyde
concentration was -determined. by the hypoiodite method of
Romijn (20). The concentration change of formaldehyde in
solution during the reaction was only a small fraction of the total.

Care was exercised to obtain even wetting of the casein par-
ticles and. to avoid the formation of aggregates. The tubes
were. stoppered. tightly and ijmmersed in a constant témperature
water bath equipped with a revolving carriage which turned them
end over end continupusly. Temperature control was accurate to
+0.5°.C.

Each of thé factors—concentration of formaldehyde, pH, time,
and tempeérature—was studied over & wide range under stand-
ardized .conditions. The standard conditions chosen ‘were pH
6.0 (initial), 25° C., 24 hours, and initial concentration of formal-
dehyde .of 4.5. grams per 100 ml.. Two_to four (usually four)
samples were carried through the entire procedure under iden-
tical conditions for each point of the whole range studied.

Shortly, -before the end of the reaction period the solid was
allowed to settle, and the supernatant liquid was set; aside for
pH and formaldehyde determinations. The hardened casein
particles were immediately resuspended in distilled water. > This
point was taken as the end of the reaction time. - ‘Washing by
decantation - was repeated geveral times,: after -which - the :golid
was transferred to a 200-ml. -bottle equipped with & rubber stop-
per carrying two filter tubes arranged so as to permit continuous
qow of ‘water in either direction. Several such extractors” were

sonnected to a single water reservoir by means of -2 feeder
bottle. A slow stream of distilled water was passed through the
extractor bottles, with only occasional agitation, until & 200-ml.
portionwhich had remained in contact with the casein for at
least an hour gave & negative test. for formaldehyde with a
sensitive Schiff’s reagent. Small amounts of the remaining
formaldehyde could be progressively removed by, further washing
but only at an extremely slow rate. The Schiff’s reagent was
adjusted togivea positive test with 0.001 to 0.01% formaldehyde
golution and was shecked frequently against solutions of known
strength. _~-Except& for the removal of very large amounts of

excess formaldehyde, the passage of about 5 gallons of ‘water. per

--gram sample during 2 to 3 days was usually adequate.” A more

rapid rate of flow did not greatly increase the rate of removal.
The washed samples were, filtered and dried, first for about 30

mifiutes at 50° C., then at room temperature overnight.
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Figurel. Effect of Concentration of Formaldehyde on
Combination of Formaldehyde with Casein

ANALYSIS FOR COMBINED FORMALDEHYDE

Combined formaldehyde was determined by a modified method
based on that developed by Nitschmann and Hadorn (16), who
applied to hardened casein much the same procedure used by
Highberger and Retzsch (13) for formaldehyde-treated collagen.
Formaldehyde is distilled in’ the presence of acid into’ bisulfite,
and the -combined bisulfite equivalent to the formaldehyde is
determined iodometrically. Nitschmann and Hadorn substi-
tuted 0.1 M phosphoric acid for 2 N sulfuric acid (18). -Later
with Lauener (18) they recommeénded a secorid distillation after
the residue was diluted with water, and in the case of hot-hard-
ened casein, even a third dxsullanon with 1.8 M phosphoric acid.
We used 0.1 phosphoric acid but discovered, as did the Swiss
workers, that a second distillation was necessary for samples
containing large amounts of formaldehyde. In fact, we found
that both 2 N sulfuric acid and 0.1 M phosphoric gave satisfac-
tory results when the samples were adequately distilled. The
titrimetric features of both methods (18, 16) referred to depend
for their success upon principles elucidated in 1927 by Friede-
mann, Cotonio, and Shaffer (10), who made an exhaustive study
of the iodometric procedure for titrating acetaldehyde-bisulfite
solutions first devised by Clauser (4). We examined critically
the results of these various investigators and, after the intro-
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duction- of several modlﬁcatlons, finally developed & titra¥or
method which was satisfactory in our hands. )

The distillation apparatus was a 500-ml.’ Kijeldahl flask’c
nected by a rubber stopper to & one-piece condenser” tub&h
two right-angle bends and leadmg through a vertical; ate.l
jacket to the bottom of the receiver, a 250-ml. volumetric’ ﬁash
The latter contained 12 to 15 ml. of 1% aqueous sodium blsulﬁh
solution (at least a twofold exc_ess) A quantity of the ha.rdenec
casein sample roughly equivalent to 0.2 to 0.4 gram of anhydrow
material, and containing 1 to 12 mg. of combined formaldehyd;
and 30 to 60 mg. of nitrogen, was transferred to the Kjeldah
flask and covered with 200 ml. of 0.1 M H,PO,. The distillatior
rate was adjusted so that about an hour was required to reduon
the volume of liquid in the Kjeldahl flask to about 10 ml. ]

At the end of the distillation the condenser was washed down
and the distillate was diluted to 250 ml. with distilled water
mixed thoroughly, and allowed to stand for at least 15 minute
before titration. When more than one distillation was necessary
to obtain complete recovery of combined formaldehyde, th
residue in the Kjeldahl flask was diluted to about 200 ral. wit}
distilled water, and a fresh receiver containing 12 to 15 ml. o;
‘1% bisulfite solution was put into place. Distillation was
carried out as before; the secorid distillate was diluted to the
mark and titrated in exactly the same way as the first. Ir
casein samples containing 2% or less of combined formaldehyde,
the amount obtained in the second distillation was usually nc
more than 5%, of the total, and no additional formaldehyde ap-
peared in a third distillation. Occasional samples containing
3.5 to 4.0% of combined formaldehyde gave as much as 15 tc
20% of the total in the second distillation and an additional 2 to
3% in a third.

After the removal of combined formaldehyde, generally by
two distillations, the residue in each flask was submitted to a
Kijeldahl procedure which was shown to yxeld all the nitrogen'
Results were expressed in terms of nitrogen in the entire sample
and were converted to the corresponding weights of casein by us¢
of the factor 6.38. Calculation with this factor is on the basis o;
15.65% nitrogen, which is the average of the best values foi
purified casein. The casein used actually contained only 15.0%
nitrogen on a moisture-ash-free basis.

For titration of the distillates in the formaldehyde determina-
tion, aliquots of 50 ml. were measured by pipet and mixed
with 5§ ml. of 0.5% starch solution. Excess bisulfite was ex-
hausted by running in 0.1 N iodine solution until near the end
point, then titrating to a faint blue with 0.01 N iodine solution.|
The liberation and titration of combined bisulfite, after this
preliminary removal of the excess, requires a special technique
under standardized conditions for satisfactory resilts. ~The
bisulfite must-be titrated as rapidly as it is set free, but without
an appreciable excess of iodine at any time. Since over a narrow
range the speed of dissociation of the bisulfite complex increase:
with rising pH, the rate of titration can be controlled rathe:
closely by adjustment of the pH in this range. This-may b«
accomplished as follows: To the pale-blue solution resulting fron
the preliminary titration of excess bisulfite, add about 1 gram o:
solid sodium bicarbonate and mix. . The blue color takes on &
pink cast and fades. At once begin the dropwise addition o:
0.01 N iodine solution from the buret; at the same time adc
from a cylinder 1 or 2 ml. of 5% sodium carbonate solutiq
The rate of liberation of bisulfite immediately increases, and tm
addition of iodine solution must be speeded up correspondingly
As the end point is approached, the rate diminishes; more sodiun
carbonate solution may then be required to obtain completc
dissociation of the complex within a reasonable time, but no mor«
than 10 ml. in all should be added during the titration.

The end point is not the typical blue but the faintest pink o1
lavender obtained by the addition of no more than one-drop of
0.01 N iodine solution. This color is,eésil){.qbser_ved ‘agdinst &




wite background and is stable for several hours at the pH (9.2)
réached "at’the end ‘of the titration ‘described. If désired, an
additional 10 ml. of 5% sodium carbonate solution may be added
45 & check to ensure complete dissociation of the formaldehyde-
bisulfite complex, to bring the pH to about 9.5. At this more
\kaline reaction the color is somewhat less stable, but no im-
mediate fading occurs if the end point has been reached at the
lower pH. Rapid fading does occur, however, at pH values of
about 10 or above, because of side reactions which slowly con-
sume odine. It is therefore important that the amount of excess
bisulfite reacting in the preliminary titration, during which acid
is produced, and -the amounts of bicarbonate and-carbonate
added be qtandardized within the limits specified. The procedure
is applicable to larger amounts of formaldehyde, provided ap-
propriate adjustments are made. Unless the ‘precautions de-
scribed are observed, highly variable results are obtained, no
doubt as a consequence of extraneous oxidation of liberated bi-
sulfite by dissolved air as well as various side reactions which
consume iodine. :

Results were calculated to weight of formaldehyde in the
entire sample (1 ml. of 0.01 N jodine = 0.15 mg. formaldehyde).
A blank of 0.10 ml. of 0.01 N iodine was subtracted from the
titration value for the 50-ml. aliquot, since this amount of iodine
solition was required in the absence of bisulfite to give a detect-
able color under the conditions of the titration. The determina-
tion of bisulfite-binding substance in unhardened casein by acid
distillation gave essentially thissame blank value.

‘Check experiments designed to test the recovery of a known
amount of formaldehyde by the procedure just described showed
that: (a) When casein is omitted, a single distillation gives
somplete”recovery of amounts of formaldehyde (4 to 20 mg.)
covering the range for which the method was designed; (b) when
an amount of formaldehyde in this range together with 0.2 to
0.4 gram of casein is added to the distillation flask and distillation
is carried out immediately, complete recoveries are again obtained;
(¢) when about 0.3 gram of casein and 20 mg. of formaldehyde
(1 ml. of approximately 2% solution) are allowed to stand at
room temperature in & closed Kjeldahl flask for several days
before " distillation, in order to allow combination, recovery of
97 to 99% of the total amount of formaldehyde present is ob-
tained . by exhaustive distillation. The maximum amount of
formaldehyde lost under these latter .conditions is equivalent to
0.2 gram per 100 grams of casein. This is doubtless not entirely.
a loss in recoverable combined formaldehyde, since there is
probably some slow conversion to a monrecoverable form. Ex-
periments showing that more drastic conditions increase the
size of this fraction are presented in a subsequent section.

The points plotted in the accompanying charts represent
averages of two to four (generally four) replicate experiments.
The largest deviation of the individual result from the corre-
sponding averé,ge value was in general never greater than 0.03
millimole of formaldehyde per gram of casein. )

DISCUSSION

The experimental data are presented in Figures 1 to 4. The
only extensive data of a similar nature found in the literature are
those of Nitschmann and Hadorn (17). They treated purified
(ﬂ 4n with formaldehyde at about 17° C. and pH 4.7 to 5.

_ir samples were exhaustively washed with water, generally
for 12 days, and then analyzed for formaldehyde by their dis-
tillation method. Results were expressed as percentage ‘of the
formaldehyde-casein product on the dry weight basis. For 24-
hour periods and bath concentrations of formaldehyde of 2,
10, and 38%, the respective amounts of formaldehyde bound were
1.14, 1.80, and 1.91%. These values fit the graph of Figure 1
remarksbly well. Nitschmann and Hadorn also studied the
tffect of time, using 1-, 9-, and 28-day periods. When the bath
concentration was 10%, the formaldehyde fixed by the casein
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Figure 3.  Effect of Time of Reaction on Lombination of
- Formaldehyde with Casein

amounted to_1.80, 1.99, and 2.33%, respectively. The first. of
these values agrees well with the present data (Figure 3), but the
second figure—1.99% for 9 days—is appreciably lower than the
corresponding valuye in our graph. This difference may be due
to the accumulating effect over 9 days of their somewhat different -
experimental conditions. _

Tt is of some interest to compare our results with those obtained
in studies in which measurements were made of the total formal-
dehyde held by casein in equilibrium with the formaldehyde solu-
tion, ~Carpenter and Lovelace (3) equilibrated B-gram samples
of acid casein’ with 25 cc. of formaldehyde of various concen-
trations at25° C. and pH 7 (or slightly less). The samounts of
formaldehyde held by the casein were determined by difference
of the original and final concentrations of formaldehyde in the
bath. . It may be calculated from their data, which they found

to fit Freundlich’s adsportion equation, that casein immersed in

a 4.5% solution: of formaldehyde (44 grams per 1000 grams of
solution) would take up 6.9 grams of formaldehyde per 100 grams
of casein. Our time curve (Figaré 3) shows. that -when' acid
casein is.subjected to 4.5% of formaldehyde at 25° C. and pH 6
for sufficient time to .give & nearly constant-amount of formal-
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dehyde binding after exhaustive washmg, the bound but recover-
‘able formaldehyde is 3.15 grams per 100 grams of casein. Thus
under these partlcular conditions, this fraction is somewhat less
‘than:half the total formaldehyde held- by the casein- when in
equilibrium with the - formaldehyde solution. A’ part of - the
formaldehyde representcd by. the difference between these two
sets of values' is probably nonrecoverable by distillation with
acid.  Nonrecoverable formldehyde was not determined for
the conditions employed in the experiments reported in Figures
1 to 4, but we assume that the amount formed at room tempera-
ture during 24 hours was relatxvely small. It may, nevertheless.
be important in the hardening process.

The experiments on casein presented 1n Figures 1 to 4 may also
be.compared with similar ‘ones "performed by Highberger and
Retazsch (14) on collagen. Variables studied by them were
time, concentration, and pH, and gra.phs of their results have the
same general she.pes as our graphs for ¢asein. .Of particular
interest ‘is the: fact that the graphs of bound formaldehyde
plotted against pH show a distinct inflection at about pH 7 or
8 for both proteins. .In general, under similar conditions, collagen
binds less formaldehyde than does casein.

It would be desirable to predict closely the amount of formal-
dehyde bound by casein or other protein on the basis of the amino
acid composition and the behavior of each type of structural unit
under given “conditions. Examination of the literature 9
shows, however, that analytical separation of the contributions
“of various reactmg groups in a complex protein is elusive and that
calculations of the kind  suggested must for the present be limited
to approximations. What appear to us to be the principal de-
velopments in.this field are as follows:

The reaction of the amino group with formaldehyde, both in
amino acids and proteins, has been demonstrated by several
methods which differ in their approach. Experiments on amino
‘acids in eqmlx’onum with formaldehyde have shown that the
epsilon a.mmo group (of lysine), as well as the unsubstituted
alpha amino group, ¢an bind one or two moles of formaldehyde,
depending on- the concenttation of the latter. ‘The first mole is
more firmly bound than the second, and this fact is qualitatively
consistent wrth the partial loss of formaldehyde from 'treated
protem upon washmg Besides.lysine, other amino acids—argi-
. nine, hxstldme, asparagine, glutamine, tryptophane, cysteine,

and even threomne and serine—have side chain groups which

-might react with formaldehyde. Several of these amino acids,
when treated ‘with formaldehyde under conditions’ of varying

severity, are known to undergo internal cyclization through the
alpha amino group, but the results are of restricted. applxcat.xon to .

protems which contain relatively few unsubstituted alpha amino
groups. Ewdence for the participation of the guanidine group

in the bmdmg of formaldehyde by the washed protein product

has” récently ‘been strengthened by ‘the finding of Fraenkel-

‘Conrat-and Olcott (8); that prots.mme in 4 days at pH 7. 6 bmds‘

as-much as two moles iper.arginine unit at 70° C. and about one
mole at pH 3.2, Uptake at room- temperature was less than half
that at 70° C. In view of the report_of Frieden, Dunn, and
Coryell (11), that formaldehyde upon standing thh arginine for
20.to 30 minutes prevents the typical carmine color of the Saka-
guchl reactmn, the present authors performed similar experiments
with casein. If a solution of casein at pH 10 is treated with an
excess of formaldehyde for 24 hours, the test yields a yellow color,
nearly the same as that obtained in a formaldehyde control. * If
the color reagents are added immediately after the formaldehyde,
the carmine color ensues, although it is not so intense as that given
by the casein control. This apparent reactxon of formaldehyde

with the ghanidine group of the casein, a& gaged by prevention of -

a characteristic color test, proceeds nea.rly to completion at pH
8 and is marked at a pHaslow as 6. Information in regard to the
reaction of. umdazole, mdole, hydroxyl, and sulfur-containing
groups to give products contammg recoverable forma.ldehyde
is less decisive. Ev1dence for the réaction of amide groups in

‘proximate 0.6 millimole per gram casein.

reacts extensively with formaldehyde. If such reactwn di

on a large scale, all formaldehyde-treated proteins should sho
deﬁmtely larger quantities of stable formaldehyde than: ay
been found. Moreover, such model substances as polyglyein
polyglutamic acid, and nylon (?) as  well as benzoyl alanine{(2)
not indicate any eonsrderable activity of the peptlde groups »

If it is tentatively assumed that each lysine, arginine, histidin
and .amide unit of casein binds one.molecule of formaldehyde,
the amounts bound would be the sum of 0. 54, 0.21,.0.19, and 0. 94
millimole of formaldehyde per gram of casein, respectlvely, or a*
total of 1.88 (calculations based on. recent amino acid figures .
checked by different methods). The highest values found for :
casein were a little over 1.3 in the temperature series and 1.5
in the pH series. Exposure of the casein to formaldehyde in these
experiments was for 24 hours.

Increasing concentration of formaldehyde up to about 4 grams
per 100 ml. causes a sharp increase of combined formaldehyde !
(Figure 1), and the effect of time (Figure 3) is greatest during the
first 24 hours. In both cases there are inflection points, and the, |
corresponding .ordinate values for combined formaldehyde ‘ap-
Casein contains 0.6
millimole of free amino nitrogen. However, we do not regard
this as necessarily more than a coincidence, inasmuch as.the
conditions used in these experiments were only one combination
of many which might have been selected.

The theory that only the uncharged forms of basic groups in
proteins reaet with forma.ldehyde has been widely adopted. It
would thus appear that some minimum pH might be estabhshed
at which, under standard .conditions, combination could be’ ex-
pected to occur in an appreciable amount, and that this mini-
mum pH would be lower than but related to the dissociation of the
basic group in question. The literature affords hardly more than
qualitative evidence of the apphcatlon of this theory to washq
resistant recoverable formaldehyde in proteins. In fact, com-
bination of amino groups at pH 3.5 (?) and even at pH 1 to 2
(12) and of guanidine groups at pH 3 (8) has been reported.

- Reference has been made to our experiments showing reduction

of the ¢hromogenic capacity of the guanidine group of . casein
when treated with formaldehyde at pH 6. During the reaction
of any particular basic group in protein with formaldehyde,
equilibrium between charged and uncharged forms is shifted
toward the latter by the presence of other groups ca.pable of
acceptmg positive charges and by high concentrations of formal-
dehyde. - These factors may account for appreciable binding of
formaldehyde in pH regions considerably below the respective
PK values of the basic groups involved. Furthermore, the pK
values of the products in the case of free amino acids may be as
much as 3 pH units lower than those of the amino acids them-
selves.

" ‘The amide group has been reported to react with formaldehyde

TaBLe 1. HeaTiNG oF CASEIN IN FORMALDEHYDE AT 100° C.

FOr 3 Hours

Pc::s:l:t Formalde- Formalde- Nonrecoverable Formaldehyde
(Dry hyde . hyde -Milli-
Basis), Present,  Distilled, mole/g. G./100. €
Mg,  Mg. Mg. g.- casein casein
183.5 4.05 1.75 2.30 0.42 1.25
.5 4.05 1.63 2.42 0.44 1.32
183.4 8.14 4.53 3.61 0.66 - 1.97,
182.6 8.14 4.62 3.52 0.64 1.93
199 .42 16.25 11.84 4.41 0.74 2.21
188.9¢4 31.40 25.70 5.70 1.00 3.02

¢ Duplicate sample lost.




at:lémperatures-of 35° to 70° C: to'a greater extent under acid’
conditions than' at higher pH (7,:21)." On-the other:’
Fraénkel-Conrat has recently presented data (84) to show that
‘the amide‘group at room temperature reacts more rapidly under:
alkaline than neutral or acidic conditions. . Our pH series of data
(Figure 2) show a marked inflection at about pH 8. It would
appear probable, in light of the- considerations discussed in the
préceding paragraphs, that this curve represents chiefly a com-
posite of-the action of the basic and amide groups, with "the
former if not also the latter exerting the greater effect above pH 8.

NONRECOVERABLE FORMALDEHYDE

In our early work on casein plastics it-was suspected that hot
.molding of formaldehyde-treated material might result in altera-
tion of the formaldehyde in such a manner as to make it nonre-
coverable by acid distillation. . This possibility was of interest,
considering that the converted formaldehyde, if bound to the.
protein, could conceivably contribute to a miore stable type of
hardening. A variety of experiments were therefore performed
on casein to determine to what extent nonrecoverable formalde-
hyde may be produced. '

The first trials were made to explore the effect of boiling in
0.1 M phosphoric acid (used in analytical procedure) on the re-
covery of total formaldehyde. Duplicate samples of 0.42 gram
casein were let stand for 3 days with 2 ml. of 2% formaldehyde,
then refluxed for 8 hours with 200 ml.-of 0.1 M phosphoric acid,
and finally exhaustively distilled. . The recovery was only 90%:
Control experiments performed in exactly the same fashion ex-
cept that no casein was present yielded 100% of the added formal-
dehyde. Obviously the conditions of distillation, when pro-
longed, lead to an unmistakable decrease in the recoverable
formaldehyde fraction.

The effect of heating formaldehyde in the presence of casein
but omitting the effect of the 0.1 M phosphoric acid was studied
in another experiment as follows. Approximately 200 mg. of
casein were weighed into each of a series of flasks of about 3-ml.
capacity. Then exactly 1 ml: of formaldehyde solution of about,
0.4, 0.8, 1.6, or 3.2% was introduced, and the flask, partly im-
mersed in solid carbon dioxide, was sealed at the top. Duplicate
flasks were prepared for each formaldehyde solution, the exact
titer of which was measured by titration of separate samples.’
The flasks were all heated for-3 hours in a boiling water bath and
-allowed to cool. The total formaldehyde in each flask was then
determined by breaking the flask under 0.1 M phosphoric acid
in a 500-ml. distilling flask and completing the analysis by the
procedure already described. Two or more distillations were
run to exhaust the recoverable formaldehyde from the sample.
The results, presented in Table I, again demonstrate the produc-
tion of definite amounts of nonrecoverable formaldehyde, which
increase with the-concentration of total formaldehyde present.
It is estimated that the values for the nonrecoverable fraction are
accurate =10%.. Casein alone gave no measurable amount of
formaldehyde. )

It was further shown that a well washed preparation of hard-
ened casein containing 1.69% of recoverable formaldehyde and
209, of water yielded only 0.26% of formaldehyde after heating
in a sealed tube for 1 hour at 120° C. and less than 0.1% after
similar heating at 150° C. .No loss occurred when formaldehyde
alone was heated at 150° C. The nonrecoverable formaldehyde
is probably, but not necessarily, bound in some manner to the
casein.

The possibility of nonrecoverable formaldehyde in protein has
been suggested by Baudouy (1), who cited the analogies of irre-
versibly bound formaldehyde in the cyclized products of histidine
and tryptophane. ~The potential role of these amino acids has
more- recently been emphasized by Nitschmann and Lauener
(19). They estimated that casein hardened in formaldehyde gas
at70° C. may contain as much as 5% of nonrecoverable formalde-
hyde. Discounting the conversion of the latter to either meth-

‘dine and tryptophane were ."mﬁir_lly-‘fbﬁt}hopéﬂgirél/ T

;81!}{)'1_ -or-to formic -acid; "t.héyiii_iit_fﬁé t9‘ thec
‘their experiments, hydrolysis Prd@uct__s_i&f casel

As pointed out in & previous section, the formation
pounds from these amino acids and formaldehyde is

uporn the free alpha amino group, “which is practically’] king in

protein.. However, other types of reaction between for de-
hyde and the indole or imidazole nucleus are possible.: Direct
evidence relating the tryptophane unit in protein to formaldehyde
binding has now been obtained by Fraenkel-Conrat, Brandon,
and Olcott (6A), who found that gramicidin, which contains40%
tryptophane, binds 1 mole of nonrecoverable formaldehyde per
each tryptophane residue.  Their results speak: for a methylol
group in position 2 on the indole ring and are in agreement with
the expectation that the nonrecoverable formaldehyde would be
bound in C-to-C linkage. [More recent results of these authors
(6) indicate that the methylol group may be attached at position
1 of the indole ring in gramicidin and in proteins. However, the
possibility remains that the failure of most of the formaldehyde
to be liberated by distillation may be due to migration of the
methylol group to the 2 position as a consequence of the treat-
ment with hot acid.] On the other hand, combination of pro-
tein and formaldehyde in such a way that the latter is recover-
able upon distillation with acid should be accountable on the
basis of linkage with one or two atoms of nitrogen, oxygen, or
sulfur (5). Thus there would be no necessary connection be-
tween nonrecoverability and cross linking of formaldehyde in
protein. . Our results (Table I) indicate that the nonrecoverable
formaldehyde on an equivalent basis may considerably exceed
the tryptophane and histidine contents of casein.
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